An aerosol-based process for coating the surface of arbitrary "carrier" particles with other types of (smaller) "coating" particles via mutual electrostatic attraction is described. Its practical viability was tested by depositing negatively charged 12-nm palladium particles on 250-nm silica spheres carrying a charge of approximately +40 units each. , the deposition process runs to completion (i.e., to neutralization of the carrier particles) within less than a minute. Comparative estimates show that electrostatically enhanced deposition rates are up to 50 times higher than purely thermal collisions. Transmission electron micrographs show a fairly uniform distribution of coating particles across the surface of the carrier particles. The electrostatic coating kinetics were determined experimentally via the charge loss of the carrier particles and compared also to numerical simulations using Zebel's model for electrostatic enhancement of the collision kernel. Measured rates were generally within 10-15% of the simulations, except for the very early stages of attachment (the first 10 s), where agreement was found to be rather sensitive to the coating particle concentration, possibly due to space charge effects.
INTRODUCTION
Coating (or "decorating") larger particles with discontinuous layers of much smaller particles has various technical applications. Of interest are coatings with metallic "nanodots" such as Pt or Pd in the range of a few nm, e.g., for gas sensors, optical applications or the design of catalysts (Kruis et al. 1998 ). This can be done with great precision in an aerosol process based on atmospheric pressure chemical vapor deposition (CVD) (Heel and Kasper 2005; Binder et al. 2007 ). However, CVD is "chemical" in nature and thus rather material dependent; it requires suitable precursors, and in some cases chemical functionalization of the carrier particle surface to control deposition or a match of substrate and coating materials. Mechanical processes do not have such constraints. A commonly practiced route to coat supermicron particles mechanically is by mixing them with a nanophase such as fumed silica for an extended period of time, e.g., to improve aerosolization of pharmaceuticals used in pDMI devices for inhalation (Meyer and Zimmermann 2004) . The limited precision and low efficiency of this method can become a major constraint for coating materials with a high added value.
Electrostatic coating is another, purely physical route that offers considerable flexibility with regard to the combination of particulate materials. It is based on the electrical attraction between charged particles and an oppositely charged substrate. The technique is well established for powder and paint spraying, where high electrical fields are used to deposit easily dispersible supermicron powders onto macroscopic surfaces. In aerosol science, and especially in nanotechnology, the idea of bringing oppositely charged aerosol particles together by mutual attraction is not at all new (Zebel 1958) . Borra et al. (1999) demonstrated the advantages of selective bipolar coagulation between two types of oppositely charged droplets containing different chemicals to initiate chemically induced particle generation. Maisels et al. (2000 Maisels et al. ( , 2002 used the technique to generate doublets consisting of two different particle materials. However, to the author's knowledge the concept has not been described before as a means for depositing many particles onto the surface of airborne carrier particles.
The principal goals of the current study were to demonstrate the feasibility of such a coating or "decoration" process, to develop experimental methods for an effective investigation of its kinetics-preferably on line-and to compare the measurements with numerical models for electrically enhanced and/or purely thermal coagulation in a bimodal aerosol. The experiments were performed by mixing a low-concentration aerosol of highly charged monodisperse 250-nm silica spheres with a much higher concentration of much smaller metallic nanoparticles carrying one elementary charge at best. 
EXPERIMENTAL TECHNIQUES

Generation and Characteristics of an Electrically Charged Carrier Particle Aerosol
The experimental setup used to generate the carrier particle aerosol is shown in Figure 1 . An aqueous suspension of monodisperse SiO 2 spheres (1 mg/mL) with diameters of 250 nm ± 10 nm (Microparticles GmbH) was dispersed into air by a Collison type atomizer (Topas GmbH) and dried in a diffusion dryer. The aerosol was then charged positively in a self-built corona charger to an average of about 40 elementary charges. The resulting charge distribution (Figure 2 ) was determined from the ratio of the physical particle diameter to the electrical mobility diameter distribution of the spheres obtained by a conventional DMA-CPC technique. In a final mobility classification step, residue particles stemming from nebulization of empty droplets (i.e., drops which do not contain any silica particles but nevertheless generate a small residue particle after evaporation) were removed with a DMA operating at a constant voltage equivalent to a mobility diameter for 250 nm spheres with 40 elementary charges.
The resulting carrier particle size distribution was checked by a conventional SMPS setup (i.e., including particle neutralization). The measurements showed that residue particles had FIG. 2. Carrier particle charge distribution.
been removed effectively and that the resulting aerosol was indeed monodisperse, consistent with the manufacturer's specifications, except for a minute fraction of doublets as shown in Figure 3 . The three main peaks at 250 nm, 165 nm, and 121 nm correspond to 250 nm silica particles in Boltzmann equilibrium carrying one, two, and three elementary charges, respectively. The small peak at 334 nm is most likely due to doublets, which are expected to have a mobility equivalent size about 1.3 times larger than the singlet diameter (Kasper 1983) . The fraction of doublets was quite small, however, and rarely visible on transmission electron micrographs. The carrier particle concentration was held constant at a low level 1 × 10 4 particles per cm 3 , in order to avoid electrostatic dispersion.
Generation and Characterization of the Coating Particle Aerosol
The experimental setup to generate a negatively charged coating particle aerosol is shown in Figure 4 . Pd particles were generated by evaporation and condensation in a glowing wire generator (GWG), a technique that has been used repeatedly in aerosol technology and was described recently, e.g., by Peineke et al. (2006) . A palladium wire was held at a constant temperature by controlled electrically heating (5.7 V) and a constant gas flow rate of 12.5/min to glow red just below the softening point. (The aerosol concentration was varied downstream of the GWG by dilution.) Throughout all experiments the particle size was thus maintained at a very constant mobility equivalent diameter of 12 nm. As shown in Figure 5 , the aerosol consisted of a mix of singlets and small agglomerates formed during the initial generation step. This was, however, an acceptable compromise in order to obtain concentrations of up to about 10 7 particles per cm 3 required for our experiments. These coating particles were charged negatively in a second corona charger to no more than one elementary charge. Although negative coronas are somewhat more efficient in charging nanoparticles (Alonso et al. 2006 ) the extrinsic charging efficiency in that set-up was only 25%. This rather modest level was acceptable, however, for the purpose of our investigation into the coating kinetics. A much more efficient method is in the works for larger scale applications. The concentration of the charged Pd aerosol was varied after the charger between 3 and 8 × 10 6 particles per cm 3 by adjusting the flow through a filtered bypass line as shown in Figure 4 . This method does not affect the particle size distribution and the charging. An additional pump FIG. 5 . Morphology and mobility size distribution of the coating particle. allows a reduction of the aerosol volume flow to regulate the mixing ratio between coating to carrier particle aerosol during the subsequent coating step.
Coating Process and Measurement of the Coating Rate
The two aerosols were mixed at a volumetric flow ratio of 1:1 by merging them in a y-shaped tube connector. This mixture, consisting of carrier particles with an average of 40 elementary charges and singly or uncharged coating particles, then passed tubes of different length in order to vary residence times and thus coating times τ between 10 and 60 s. The carrier particle concentration was kept constant for all experiments at 1 × 10 4 particles per cm 3 . The coating particle concentration varied from 3 to 8 × 10 6 particles per cm 3 . In other words, there was an excess of coating particles, considering the initial charge and concentration of the carrier particles.
Transmission electron micrographs (TEM) of individual coated carrier particles ( Figure 6 ) were obtained after the maximum residence time of 60 s. Qualitatively the TEM images indicate a significant and fairly uniform surface coverage, as one would expect from electrostatic considerations. They also show that some coating particles on the carrier particle surface were slightly agglomerated, as one would expect from the aerosol size distribution shown in Figure 4 . From these images it was not possible to count the number of attached Pd particles with sufficient accuracy for a verification of the coating kinetics, because the silica base material is too dense for the electron beam and thus partly opaque. The TEM images thus only serve as a qualitative illustration of the coating results.
Instead, the attachment rate was determined online via the decrease in net electrical charge of the carrier particles due to their progressive neutralization by oppositely charged coating particles. In essence, one records the shift in peak electrical mobility of the carrier particles with time by a standard DMA+CPC technique, assuming that the change in mobility size of the carrier particles due to gradual attachment of a limited number of significantly smaller Pd nanoparticles is negligible. (This assumption was later verified.) Assuming there are no other neutralization effects (see below), the loss of electrical charge corresponds directly to the average number of attached (and previously charged) coating particles per carrier particle. Note that this measurement captures only the electrostatically driven attachment of carrier particles; it is unaffected by any additional attachment due to purely thermal collisions, which was relatively low. (It will be estimated in a subsequent section.)
This mobility-based technique of measuring attachment rates loses accuracy once the majority of carrier particles have been neutralized. The increasing fraction of neutral carrier particles during the final stage of charge-driven attachment was, therefore, determined independently from the difference between total carrier particle concentration and charged carrier particles.
After the charge-driven coating is complete, a few additional coating particles may continue to attach themselves to electrically neutral carrier particles by purely diffusive transport, leading to a slightly negative net charge. This effect was quantified by inverting the polarity of the DMA voltage during the final stage of coating. Diffusion after charging resulted in a final net negative charge level of the aerosol of typically about one or two elementary charges, which is insignificant compared to the charge-driven coating. This secondary effect can be separated easily by simply disregarding the negative part of the charge spectrum.
The possibility of an additional loss of carrier particle charge via ion attachment in a conventional charge neutralization process was also considered. For this purpose the charged carrier particle aerosol was held in the residence time volume for the maximum time of 60 s without adding any coating particles. No change in mean particle charge was detected however.
EXPERIMENTAL RESULTS AND DISCUSSION
Measurements of the carrier particle charge distribution were carried out for coating times of 10, 30, and 60 s at coating particle concentrations of 3 × 10 6 , 6 × 10 6 , and 8 × 10 6 particles per cm 3 . The carrier particle concentration was held constant at 1 × 10 4 particles per cm 3 . Figure 7 shows the evolution of the carrier particle cumulative charge distribution for different coating times but otherwise identical conditions. One sees that the coating process has progressed quite far after 1 min even at the lowest concentration of coating particles, but is not yet complete. Some broadening of the carrier particle charge distribution with time is also apparent from the decreasing slope of the curves, presumably caused by a distribution of residence times in the residence time tubes. Such effects can be reduced by further optimization of the system, but this was not the objective of the current study. Figure 8 shows the influence of the coating particle concentration on the rate of charge loss. The attachment rate is then calculated readily from this graph. Each data point represents an average of typically three measurements. Error bars are not included in the figure, because the variations between measurements were typically on the order of the size of the symbols.
As expected, the agglomeration rate, and thus the attachment rate, is highest during the first 10 s and then slows down due to the decreasing charge difference between carrier and coating particles. The decrease is roughly exponential and accelerates FIG. 7 . Evolution of the carrier particle charge as a function of coating time (coating particle concentration 3 × 10 6 per cm 3 ). The slight decrease in total concentration indicates the losses of carrier particles during the coating time. with coating particle concentration. At 8 × 10 6 particles per cm 3 , coating runs nearly to completion within 10 s; within 60 s the carrier particle charge becomes -1 due to diffusive attachment of one additional coating particle. This implies a final coating of 41 Pd particles.
NUMERICAL SIMULATION OF THE COATING PROCESS FOR COMPARISON WITH THE EXPERIMENTAL DATA
This section uses numerical simulation to determine the change in net electrical charge of the carrier particles due to attachment of charged coating particles. In Section 4.3 the simulation results are compared directly to the experiments. Section 4.4 estimates the attachment rate for neutral coating particles on carrier particles due to purely thermal collisions (disregarding any image charge effects due to the initial charge of the carrier particles). Purely thermal collisions represent an additional and independent attachment mechanism, which will be used to estimate the enhancement of the charge-driven coating rates over purely diffusional coating.
Model Expressions Used
The coagulation rate of a bidispersed aerosol consisting of oppositely charged particles of rather different size was calculated numerically based on well-known population balance models, which have been used many times before to simulate changes in aerosol charge or size distribution (e.g., Eliasson et al. 1991; Park et al. 2005; Verdoold and Marijnissen. 2011) . Two coupled balance equations were set up, one for each size fraction. For the coating particles Equation (1) accounts for the change in number density n(v, q) with time as a function of particle volume v and particle charge q:
The first two terms account for self-coagulation among coating particles. The third term describes bipolar coagulation between coating and carrier particles. This coupling term again assumes that each collision reduces the carrier particle charge by 1. Particle losses due to diffusion and electrostatic dispersion are considered as well.
The population balance for the carrier particles (Equation (2)) neglects self-coagulation among carrier particles, due to their high level of charge. It further assumes that their mean sizev is not changed by the attachment of coating particles. The carrier particle number density p (v, q, t) can, therefore, only change with time due to bipolar coagulation with coating particles, or by losses to the walls.
The collision kernel β accounts for the particle charge via a charge correction factor C according to (Zebel 1958) : The collision frequency for uncharged spheres β (v, v , 0, 0) was calculated according to the well-known Model of Fuchs (1964) , which requires no further explanation:
Image potential effects were not included in the calculations. Diffusion losses were estimated from the equally well-known expressions by Gormley and Kennedy (1949) for the penetration P of particles through a cylindrical duct of length L in laminar flow at flow rate Q and mean flow velocity U:
The change of particle concentration caused by deposition in the residence time volume can thus be expressed by
[6]
Besides diffusion, particle losses are also caused by repulsive interactions between charges of the same polarity and thus between charged particles. These wall losses due to electrostatic dispersion can be estimated according to the equation (Kasper 1981) ∂n (v, q, t) ∂t
wherein B is the particle mobility.
Computational Procedures and Validation
All initial values, such as concentrations, particle sizes and charges, were chosen according to experimental conditions. Calculations were thus carried out for coating particle concentrations of 3 × 10 6 , 6 × 10 6 , and 8 × 10 6 particles per cm 3 at a carrier particle concentration of 10 4 particles per cm 3 and an initial charge state of 40 elementary charges per particle. Carrier particles as well as the coating particles are assumed to be monodisperse initially with respective diameters of 250 nm and 12 nm. The fraction of charged coating particles was assumed to be 25%. (Any effects of the uncharged fraction are discussed later.)
The coupled Equations (1) and (2) were solved with the sectional method for the total number concentrations of coating and carrier particles in each section
Using Equation (1) the expression for N transforms into
where
Similarly, Equation (2) becomes By equating the calculated change in carrier particle charge state with the surface coating rate, one can compare theoretical and experimental electrostatic coating rates for different particle concentrations.
Comparison of Simulated and Measured Attachment of Charged Coating Particles
The comparison of attachment rates is shown in Figure 9 , where data points represent measurements, while lines represent the calculated values due to bipolar coagulation using the experimental conditions as input parameters. For the lowest concentration of coating particles, model and experimental data points differ by not more than 2 to 3 coating particles, which can be considered good agreement. With increasing concentration, however, our model underestimates the experimental values considerably during the early stage of coating. During this stage coating particle concentrations are still high. We, therefore, suspect that the discrepancy is due to a space charge effect within the cloud of coating particles, which accelerates the coating but is not taken into account by the model. A space charge effect should be proportional to N 2 , much like electrostatic dispersion, and therefore be very sensitive to the decline in N with progressing time. (In this context, note again that the comparison is based exclusively on the rate of neutralization of the carrier particles and thus on the attachment of charged coating particles. Neutral species do not enter into model or experiment at this point.)
Estimate of Purely Thermal Attachment of Uncharged Coating Particles
The purely diffusional attachment of uncharged coating particles represents an additional contribution to carrier particle surface coverage, which can be estimated on the basis of a sim- FIG. 9 . Comparison of calculated and measured particle attachment versus time for three concentrations of coating particles. plified version of Equation (1), treating diffusive attachment as an independent process:
The so calculated coating rate represents an upper limit for purely diffusional attachment because any concentration decrease by self-coagulation and/or diffusional electrostatic losses to the walls is neglected. The coagulation kernel β 0 was calculated from Equation (4). It does not account for any image charge effects caused by the charge level of the carrier particles. Solving the simplified differential Equation (10) leads to the following rate expression:
wherein p 0 is the starting concentration for the uncharged coating particles at t = 0, which is 75% of the total concentration. The results are graphed in Figure 10 for the same three initial concentrations used before. At the highest concentration of coating particles, the maximum attachment by thermal collisions after 60 s is about 5 additional particles over and above the charge-induced coating of 40. At the lowest concentration, it is less than two additional particles. The additional deposition for our range of conditions is thus on the order of about 5 to 10%. Image charge effects are ignored in this estimate. On the basis of the same absolute concentration, comparison with Figure 9 shows that the charge-induced deposition rate is 7 to 17 times higher than the purely thermal deposition rate when compared for a 60 s coating period, and up to 50 times faster for a 10 s time period. 
SUMMARY AND CONCLUSIONS
A charge-enhanced binary coagulation process has been described to coat an aerosol of 250 nm silica spheres carrying an average charge of 40 e with 12 nm Pd particles carrying at most one elementary charge.
A novel technique was used to measure the electrostatic coating kinetics in real time via the charge loss of the carrier particles by stepwise neutralization due to the attachment of Pd particles.
Coating experiments were performed at various coating particle concentrations in the range of up to 8 × 10 6 particles per cm 3 (which is roughly 100-fold the carrier particle concentration), and for a range of coagulation times between 10 and 60 s. Under these conditions the electrostatic coating process is shown to be up to 50 times faster than a purely thermal process at comparable concentrations and run to completion in about 60 s or less.
The coagulation process was simulated by numerical solution of coupled population balance equations for carrier and coating particles using Zebel's (1958) model for charge enhancement of the thermal collision frequency. Numerical and experimental results agree to within about ±3 coating particles per carrier particle, except for the early stages (10 s) of coagulation at higher concentrations of carrier particles, where the simulation underestimates the experimental data substantially. We think this is due to an unaccounted space charge effect among the coating particles.
The objective of this study was to demonstrate the basic feasibility of the coating method and to develop suitable methods of experimental investigation. Obviously there is room for optimization of the process, both with regard to the charging efficiency of the Pd coating particles (which was low), and their efficient use. At the low silica carrier particle concentrations of currently 10 4 particles per cm 3 , only about 10% of the Pd is deposited. This can be increased, however, by various means, which will be the objective of another study.
